Abstract. Ionizing radiation induces a cellular response not only in the irradiated cells, but also in the neighboring non-irradiated cells, and this effect is known as the radiation-induced bystander effect. The irradiated cells transmit signals to the non-irradiated cells via gap junctions or soluble factors, exerting biological effects on the neighboring non-irradiated cells. In this study, we investigated the effects of irradiated cell conditioned medium (ICCM) on the response of human lung cancer cells (A549 and H1299) to anticancer treatment. First, we analyzed the effects of ICCM on the induction of apoptosis by anticancer treatment (ionizing radiation or gefitinib). Human lung cancer cells were cultured with ICCM from non-irradiated and 8 Gy-irradiated cells and, subsequently, exposed to 8 Gy X-ray. In the A549 cells, the proportion of Annexin V + apoptotic cells was significantly lower in the cells treated with ICCM from 8 Gy-irradiated cells when compared with that in the cells treated with ICCM from non-irradiated cells (P<0.05), whereas this effect was not observed in the H1299 cells. Furthermore, no significant difference in the proportion of Annexin V + cells was noted following treatment with gefitinib, an inhibitor of the epidermal growth factor receptor tyrosine kinase, between the cells treated with ICCM from non-irradiated cells and those treated with ICCM from the 8 Gy-irradiated cells. We then examined the effects of ICCM on the migration of A549 cells by scratch assay. ICCM from the 8 Gy-irradiated cells enhanced the migration of the 8 Gy-irradiated cells, but not that of the non-irradiated cells. Taken together, these results suggest that cancer cells treated with ICCM exhibit resistance to ionizing radiation in terms of apoptosis and cellular migration, although this phenomenon depends on the cell type.
Introduction
Ionizing radiation exerts biological effects, such as cell death and chromosomal aberration due to the direct radiation of the cells. However, evidence suggests that this radiation affects not only the cells irradiated directly, but also the surrounding non-irradiated cells (1) (2) (3) . This response, known as the non-targeted effect, includes genomic instability and other radiation-induced bystander effects. Genomic instability refers to biological effects, such as delayed gene mutations and chromosomal aberrations that occur in the progeny of the irradiated cells (3), whereas radiation-induced bystander effects are caused by the transmission of signals from the irradiated cells to the non-irradiated cells via gap junctions or soluble factors (1, 2) . Various factors, such as transformation growth factor-β (TGF-β), tumor-necrosis factor-α, and reactive oxygen species have been reported to be possible candidate bystander factors (4) . In general, to examine the bystander effects mediated by soluble factors in vitro, non-irradiated cells are co-cultured with irradiated cells or cultured in the presence of irradiated cell conditioned medium (ICCM). Non-irradiated cells co-cultured with irradiated cells or treated with ICCM have been reported to undergo various biological effects, such as DNA double-strand breaks and apoptosis, generally observed in irradiated cells (1, 3) .
Radiation therapy is widely used in the the treatment of various types of cancer. Although radiation therapy is considered to control the tumor cells locally, there is evidence to indicate additional systemic antitumor effects of this therapy (5,6); these effects have been referred to as the abscopal effect. In the abscopal effect, the reduction or disappearance of tumors occurs not only in the irradiated lesions, but also in the non-irradiated lesions, suggesting that signals from irradiated tissues can affect the unirradiated tissues outside of the irradiated volume. There is recent evidence to suggest the involvement of the immune system in the abscopal effect (7) . Briefly, irradiated tumors release immunostimulatory molecules, such as inflammatory cytokines and damage-associated molecular patterns, which are endogenous molecules released due to cellular damage. The released signals activate the innate immune system, leading to T-cell-mediated cytotoxicity against tumors in non-irradiated lesions (8) .
The factors released from irradiated cells exert biological effects, such as the induction of apoptosis and activate antitumor immunity, which may prove beneficial for the treatment of cancers (5, 9, 10) . However, little is known about the effects of factors released from irradiated cells on the response of cancer cells to anticancer treatment. Therefore, the present study investigated the effects of ICCM on the response of human lung cancer cells to anticancer treatment in terms of the induction of apoptosis and cellular migration.
Materials and methods
Reagents. Dimethyl sulfoxide (DMSO) and propidium iodide (PI) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Gefitinib was purchased from Selleckchem (Houston, TX, USA).
Cells and cell culture. Human lung cancer cell lines A549 and H1299 cells were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). The cells were maintained at 37˚C in a humidified atmosphere containing 5% CO 2 and cultured in RPMI-1640 medium (Gibco ® ; Invitrogen/Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 1% penicillin/streptomycin (Gibco ® ) and 10% heat-inactivated fetal bovine serum (Japan Bioserum Co., Ltd., Nagoya, Japan).
In vitro irradiation. The cells were irradiated (150 kVp; 20 mA; 0.5 mm Al and 0.3 mm Cu filters) using an X-ray generator (MBR 1520R 3; Hitachi, Ltd., Tokyo, Japan) at a distance of 45 cm from the focus and a dose rate of 1.01-1.07 Gy/min.
Medium transfer experiments.
Medium transfer experiments were performed, as previously reported (11) . A schematic illustration of the medium transfer experiments is presented in Fig. 1 . Approximately 2.4x10 5 cells were seeded onto 35-mm culture dishes (Iwaki, Chiba, Japan) and cultured for 5 h at 37˚C to promote their adherence to the dish. The cells were then exposed to 8 Gy X-ray and cultured for 24 h at 37˚C. The conditioned medium was then collected by centrifugation (180 x g for 5 min at room temperature) wherein, the supernatant was collected and filtered using a 0.45-µm syringe filter (2053-025; Iwaki) to remove cells and debris. The filtrated cell conditioned medium (hereafter referred to as ICCM) was used in the subsequent experiments.
One day prior to the collection of the ICCM, approximately 6.0x10 4 cells were seeded onto 35-mm culture dishes and cultured overnight at 37˚C to allow for their adherence to the dish. On the following day, the medium was aspirated and ICCM was added to the 35-mm culture dishes. After 2 h of culturing at 37˚C, the cells were exposed to 8 Gy X-ray or 20 µM of gefitinib, which was added to the culture medium. DMSO (0.1%) was used as a vehicle control for gefitinib. Following 3 days of culture, the cells were harvested using 0.1% trypsin-ethylene diamine tetraacetic acid (Gibco ® ; Thermo Fisher Scientific) to perform the apoptosis assay.
Apoptosis assay. Apoptosis was analyzed using Annexin V-FITC, PI and Annexin V binding buffer (all BioLegend Inc., San Diego, CA, USA), as reported previously (12) . The stained cells were analyzed by performing flow cytometry (Cytomics FC500 with CXP software version 2; Beckman Coulter, Inc., Brea, CA, USA).
Scratch assay. The A549 cells were cultured in a 24-well plate (BD Falcon; BD Biosciences, Franklin Lakes, NJ, USA) until they reached approximately 90% confluence. The cell monolayer was scratched using a yellow tip. After the culture medium containing floating cells was aspirated, ICCM (500 µl) was added to the plate. The cell-free scratched area was measured using an Olympus LX71 microscope and DP2-BSW software version 2.1 (both Olympus, Tokyo, Japan) immediately, and at 24 and 48 h after scratching, and the percentage of wound closure area was calculated. In some experiments, the cells were exposed to 8 Gy X-ray at 2 h following the addition of ICCM.
Statistical analysis. Data are presented as the means ± standard deviation (SD). Comparisons between the control and experimental groups were performed using a two-sided Student's t-test or a two-sided Mann-Whitney U test depending on the data distribution. Multiple data were analyzed using one-factor analysis of variance followed by the Tukey-Kramer test. Differences were considered statistically significant at P<0.05. All statistical analyses were performed using Excel 2016 software version 1903 (Microsoft, USA), with an add-on software Statcel 4 (OMS Publishing, Inc., Tokyo, Japan).
Results

Effects of ICCM on the induction of apoptosis by X-ray irradiation.
We examined the effects of ICCM on the induction of apoptosis of the A549 and H1299 cells following ionizing radiation. Yang et al previously reported that the cell conditioned medium from irradiated A549 cells exerted cyototoxic effects against non-irradiated A549 cells (9) . However, under the present experimental conditions, at 0 Gy irradiation no significant differences in the proportion of Annexin V + apoptotic cells were observed between the cells treated with ICCM from the non-irradiated cells and those treated with ICCM from 8 Gy-irradiated cells ( Fig. 2A) , as we have previously reported (11) . In the A549 cells, the proportion of Annexin V + apoptotic cells was significantly increased following exposure to 8 Gy X-ray when compared to the cells exposed to 0 Gy X-ray after being cultured with ICCM from irradiated and non-irradiated cells (P<0.01). Notably, the proportion of Annexin V + apoptotic cells was significantly lower in the 8 Gy-irradiated cells treated with ICCM from 8 Gy-irradiated cells when compared with those treated with ICCM from non-irradiated cells (P<0.05; Fig. 2A) . However, this effect was not observed in the experiments using the H1299 cells (Fig. 2B) and ICCM from 2 Gy-irradiated cells (data not shown). These results suggest that the effects of ICCM vary depending on the cell type, as well as the radiation dose (13) .
Effects of ICCM on the induction of apoptosis by gefitinib treatment. Inhibitors of the epidermal growth factor receptor (EGFR)
tyrosine kinase, such as gefitinib have been used in the treatment of lung cancer (14) . Therefore, in this study, we examined the effect of ICCM on the induction of apoptosis by gefitinib in the A549 and H1299 cells. As shown in Fig. 3 , gefitinib treatment significantly increased the proportion of Annexin V + apoptotic A549 and H1299 (P<0.05) when compared with the cells treated with DMSO. However, in contrast to the results obtained with X-ray irradiation (Fig. 2) , no significant differences in the proportion of Annexin V + apoptotic cells were noted between ICCM obtained from non-irradiated cells and that from irradiated cells (Fig. 3) .
Effect of ICCM on cellular migration. As shown in Fig. 4 , both ICCM from non-irradiated cells and that from 8 Gy-irradiated cells exerted minimal effects on the migration of the non-irradiated A549 cells. Additionally, no significant difference in the wound closure area was observed between the non-irradiated cells and 8 Gy-irradiated cells (ICCM 0 Gy in Fig. 4B vs. ICCM 0 Gy in Fig. 4C) . However, as shown in Fig. 4C , the wound closure area in the 8 Gy-irradiated A549 cells at 24 h after the scratch was made was significantly greater in the cells treated with ICCM from irradiated cells when compared with those from non-irradiated cells (P<0.01).
Discussion
The factors released from irradiated cells induce various biological effects, such as cell death and inflammatory responses, and these effects may be preferential for cancer treatment. In this study, we investigated the effects of ICCM from irradiated human lung cancer cells on the response to anticancer treatment (ionizing radiation or gefitinib). Although ICCM did not induce the apoptosis of non-irradiated cells in the current study, it attenuated the induction of apoptosis by ionizing radiation, but not by gefitinib, depending on the cell type. We also demonstrated that ICCM enhanced the migration of 8 Gy-irradiated cells, but not that of non-irradiated cells. Taken together, these results suggest that cancer cells treated with ICCM exhibit resistance to ionizing radiation in terms of apoptosis and cellular migration. In line with our results, Iyer and Lehnert reported that clonogenic survival after γ-irradiation (2 Gy or 4 Gy) in normal human lung fibroblasts (HFL-1) was increased when the cells were treated with ICCM (15) . In this study, we did not determine the underlying mechanisms through which ICCM treatment increased the resistance to ionizing radiation. Nonetheless, some factors released as bystander signals, such as interleukin-6 are known to induce radioresistance (16, 17) . Therefore, it is possible that these cytokines were involved in the ICCM-induced resistance to ionizing radiation in this study.
It is known that the cells exposed to a low radiation priming dose exhibit resistance to a subsequent high dose of radiation, namely radiation-induced adaptive response. This effect is observed at both the cellular and individual level, and it seems to occur in a p53-dependent manner (18, 19) . p53 is a tumor suppressor gene that plays critical roles in cellular responses, such as the induction of apoptosis following DNA damage, including ionizing radiation (20) . In this study, we found that ICCM treatment attenuated the induction of apoptosis of p53-wild type A549 cells, but not that of p53-null H1299 cells, following ionizing radiation. Therefore, the cell type specific-effect of ICCM, which is similarly to a priming low-dose irradiation, may be dependent on the p53 status.
Tumor cells sometimes acquire radioresistance, a major cause of treatment failure during radiation therapy (21) . In the current study, ICCM treatment resulted in resistance to ionizing radiation, whereas no such effect was noted with gefitinib. This may be attributed to the differences in the mechanisms of action between gefitinib and ionizing radiation. Gefitinib induces tumor growth arrest and apoptosis by inhibiting EGFR signaling (22) , while ionizing radiation exerts cell-killing effects by inducing DNA damage (23). Kuwahara et al reported that radioresistant cancer cells established by daily repeated irradiation in vitro showed cross-resistance to X-rays and the anti-microtubule agent, docetaxel (24) . Further studies are warranted to investigate the effects of ICCM on the anticancer effects of various types of anticancer agents.
For a favorable prognosis of cancer patients, it is important to control tumor migration and invasion. Akino et al reported that carbon-ion beam and X-ray irradiation suppressed the migration and invasion of human lung cancer cells in vitro (25) . In the present study, 8 Gy X-ray irradiation had very minimal effects on cell migration. However, we observed that ICCM enhanced the migration of 8 Gy-irradiated cells, but not that of the non-irradiated cells. Zhou et al reported that 2 Gy γ-irradiation promoted the migration and invasion of cancer cells, including A549 cells, via TGF-β-mediated epithelial-mesenchymal transition (26) . TGF-β is known as a bystander signal (27) and may possibly facilitate the ICCM-mediated cellular migration of irradiated cells. The involvement of TGF-β in the increase in cellular migration of irradiated cells by ICCM treatment warrants further investigation in the future.
In conclusion, although the present study is limited in terms of the in vitro nature of the analysis, our results suggest that cancer cells treated with ICCM exhibit resistance to ionizing radiation, which may be unfavorable for cancer treatment. Therefore, further studies clarifying the underlying mechanisms involved are required to achieve an effective treatment strategy for cancer.
